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Available online 14 January 2016Previous studies attempting to quantify white matter (WM) microstructure in individuals with fragile X syn-
drome (FXS) have produced inconsistent ﬁndings, most likely due to the various control groups employed, dif-
fering analysis methods, and failure to examine for potential motion artifact. In addition, analyses have
heretofore lacked sufﬁcient speciﬁcity to provide regional information. In this study, we used Automated
Fiber-tract Quantiﬁcation (AFQ) to identify speciﬁc regions of aberrant WMmicrostructure along WM tracts in
patients with FXS that differed from controlswhowerematched on age, IQ and degree of autistic symptoms. Par-
ticipants were 20 patients with FXS, aged 10 to 23 years, and 20 matched controls. Using Automated Fiber-tract
Quantiﬁcation (AFQ), we created Tract Proﬁles of fractional anisotropy andmean diffusivity along 18majorWM
fascicles.We found that fractional anisotropywas signiﬁcantly increased in the left and right inferior longitudinal
fasciculus (ILF), right uncinate fasciculus, and left cingulum hippocampus in individuals with FXS compared to
controls. Conversely, mean diffusivity was signiﬁcantly decreased in the right ILF in patients with FXS compared
to controls. Agewas signiﬁcantly negatively associated withMD values across both groups in 11 tracts. Taken to-
gether, these ﬁndings indicate that FXS results in abnormalWMmicrostructure in speciﬁc regions of the ILF and
uncinate fasciculus, most likely caused by inefﬁcient synaptic pruning as a result of decreased or absent Fragile X
Mental Retardation Protein (FMRP). Longitudinal studies are needed to conﬁrm these ﬁndings.
© 2016 Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).Keywords:
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FXS is the most common known inherited form of intellectual dis-
ability affecting approximately 1 in 3000 boys and 1 in 5000 girls world-
wide (Hagerman, 2008). First described by Martin and Bell in 1943 as a
“pedigree of mental defect showing sex linkage” (Martin and Bell,
1943), FXS is caused by mutations to the FMR1 gene at locus 27.3 on
the long arm of the X chromosome (Verkerk et al., 1991). Excessive
methylation of the gene impairs production of Fragile XMental Retarda-
tion Protein (FMRP), a key protein involved in synaptic plasticity and
dendritic maturation in the brain (Greenough et al., 2001; Soden and
Chen, 2010). As a result, individuals with FXS exhibit a speciﬁc proﬁle
of developmental and cognitive deﬁcits (Reiss and Dant, 2003) includ-
ing impairments in executive functioning, visual memory and percep-
tion, mental manipulation of visual–spatial relationships among
objects, aberrant processing of arithmetical stimuli, as well as increased
risk for autistic-like behaviors (e.g., social avoidance, communication
impairments and repetitive behaviors) (Bennetto et al., 2001; Cornish
et al., 2004; Dissanayake et al., 2009; Hall et al., 2006; Hall et al., 2009;ary Brain Sciences Research,
nford University, 401 Quarry
en access article under the CC BY-NCKaufmann et al., 2004; Mazzocco, 2001; Mazzocco et al., 2006;
Murphy, 2009; Skinner et al., 2005; Sudhalter et al., 1990; Sullivan
et al., 2007; Sullivan et al., 2006). However, data suggests that there
are signiﬁcant brain and behavioral differences between those diag-
nosed with FXS and those diagnosed with autism (Hall et al., 2009).
Over the past decade, studies employing diffusion tensor imaging
(DTI) methods (Basser, 1995; Basser and Pierpaoli, 1996; Pierpaoli
and Basser, 1996) have indicated that white-matter (WM) microstruc-
ture may be aberrant in individuals with FXS. For example, Barnea-
Goraly and colleagues reported that fractional anisotropy (FA), which
quantiﬁes diffusion anisotropy, was signiﬁcantly decreased in fronto-
striatal pathways as well as in parietal sensory-motor tracts in 10 fe-
maleswith FXS, aged 13 to 22 years, compared to age-matched typically
developing controls (Barnea-Goraly et al., 2003). In amore recent study,
Villalon-Reina and colleagues (Villalon-Reina et al., 2013), reported that
mean diffusivity (MD) — the average diffusion across all directions —
was signiﬁcantly increased in regions along the superior longitudinal
fasciculus (SLF), inferior longitudinal fasciculus (ILF), and inferior
fronto-occipital fasciculus (IFOF) in 18 girls with FXS, aged 7 to
14 years, compared to typically developing controls. Taken together,
these studies suggest that FXS may be characterized by differences in
tissue structure in long association WM tracts.
However, in studies in which patients with FXS are compared to
neurotypical controls, it is unclear whether the differences in WM-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Table 1
Demographic information.
Characteristic FXS
N (%)
Controls
N (%)
P
Total 20 20
Female 12 (60.0) 7 (35.0) NS
Medications (any) 9 (45.0) 6 (30.0) NS
Mean (SD) Mean (SD)
Age, year 16.63 (4.69) 16.57 (3.90) NS
FSIQa 67.30 (10.54) 64.85 (11.03) NS
Autistic symptomsb 8.90 (5.72) 11.15 (6.63) NS
Abbreviations: FXS, fragileX syndrome; FSIQ, full scale IQ; VIQ, verbal IQ; PIQ, Performance
IQ.
a Wechsler Abbreviated Scale of Intelligence (Wechsler, 1999).
b Social Communication Questionnaire (Rutter et al., 2003).
134 S.S. Hall et al. / NeuroImage: Clinical 11 (2016) 133–138microstructure are speciﬁc to FXS, or simply related to differences in IQ
and other cognitive and behavioral symptoms between the groups. One
way to overcome this problem is to compare individuals with FXS to
those who have similar IQs and levels of autistic symptoms, but who
do not have FXS. In a recent study from our group (Green et al., 2015),
for example, the WMmicrostructure of patients with FXS (25 females,
15males) was compared to non-FXS individuals who had similar levels
of IQ and autistic symptoms. Using Tract-Based Spatial Statistics (TBSS)
(Smith et al., 2006), mean FA values in the inferior longitudinal, inferior
fronto-occipital and uncinate fasciculi were found to be signiﬁcantly in-
creased in patients with FXS compared to controls. However, these anal-
yses lacked sufﬁcient speciﬁcity to provide information concerning
whether WM microstructure is abnormal along the whole tract or at
speciﬁc locations on a tract.
Given the inconsistent ﬁndings, here we reﬁne our analyses and
study design in three ways. First, we employed amore granularmethod
of ﬁber-tract quantiﬁcation — Automated Fiber-tract Quantiﬁcation
(AFQ) (Yeatman et al., 2012a)— to identify regions of aberrantWMmi-
crostructure in these patients. Second, we compared patients with FXS
to a well-matched group of individuals with idiopathic developmental
disability (butwhodid not have FXS) in order to rule out age, IQ, and de-
gree of autistic symptoms as possible confounds. Finally, we examined
the degree to which subject movement may have inﬂuenced our
ﬁndings.
2. Materials and methods
2.1. Participants
All participants had taken part in a previous study investigating
large-scale brain networks in patients with FXS (Hall et al., 2013).
There was no overlap of the participants studied here with a previous
DTI study from our group (Green et al.). Patients with FXS were in-
cluded if they were aged between 10 and 23 years, had an IQ between
50 and 90 points on the Wechsler Abbreviated Scale of Intelligence
(WASI) (Wechsler, 1999), and could demonstrate that they could re-
main immobile for 10 min while lying in the scanner. During recruit-
ment, control participants were matched to children with FXS in
terms of age (+/−3 years), IQ (+/−10 points) and severity of autistic
symptoms (+/−5 points on the Social Communication Questionnaire
[SCQ]) (Rutter et al., 2003). Individuals in both groups were excluded
from the study if they were born preterm (b34 weeks), had low birth
weight (b2000 g), showed evidence of a genetic condition other than
FXS, exhibited sensory impairments, or had any serious medical or neu-
rological condition that affected growth or development (e.g., seizure
disorder, diabetes, congenital heart disease). Finally, individuals were
excluded if they had materials in their body that would preclude an
MRI scan (e.g., dental braces). Control participants were subsequently
screened for FXS to conﬁrm that they did not have FXS. All protocols
were approved by the human subjects committee at StanfordUniversity
School of Medicine and all parents gave consent for their child to partic-
ipate in the study.
All participants with FXS had a conﬁrmed genetic diagnosis of FXS
(i.e., N200 CGG repeats on the FMR1 gene and evidence of aberrant
methylation) as evidenced by standard Southern Blot techniques. Two
male participants with FXS were mosaic (i.e., an additional
unmethylated fragment was detected in the premutation range). Five
control participants had an additional co-morbid diagnosis (2 ADHD, 1
PTSD and 2 ASD). As can be seen from Table 1, the two groups were
wellmatched in terms of age, IQ, and degree of autistic symptomatology
(Table 1). Nine (45%) participants with FXS and 6 (30%) controls were
taking psychoactive medications. In the FXS group, medications
included sertraline (2 participants), venlafaxine (1 participant),
donepezil (1 participant), aripiprazole (1 participant), and methylphe-
nidate (3 participants). In the control group, medications included
methylphenidate (5 participants), aripiprazole (2 participants),imipramine (1 participant), and arbaclofen (1 participant). As expected,
mean IQs were signiﬁcantly higher in females with FXS (M = 73.0,
SD = 8.0) than in males with FXS (M = 59.75, SD = 9.0) [(t(18) =
3.21, p= .006)]. There were, however, no other differences between fe-
male andmale participants with FXS on the other measures.Within the
FXS group, age and IQ were not associated with scores on the SCQ.2.2. Diffusion weighted imaging acquisition and processing
Diffusion weighted imaging (DWI) data were acquired immediately
following a blood oxygen level dependent (BOLD) resting-state MRI
scan on a 3.0-Twhole-bodyMRI scanner (GEMedical Systems, Milwau-
kee, WI) with the vendor-supplied 8-channel receive coil at Stanford
University. A diffusion-weighted, single-shot, spin-echo, echoplanar im-
aging sequence (TE = 72.7 ms, TR = 5.7 s, FOV = 240 mm, matrix
size = 128 × 128) was used to acquire 44 2.9mm-thick slices in 23 dif-
ferent diffusion directions (b = 850) for a voxel size of
1.9 × 1.9 × 2.9 mm. The sequence was repeated four times and six
non-diffusion weighted (b= 0) volumes were collected (total scan du-
ration was 8 min). Eddy current distortions and subject motion in the
diffusion weighted images were removed by a 14-parameter
constrained non-linear co-registration based on the expected pattern
of eddy-current distortions given the phase-encode direction of the ac-
quired data (Rohde et al., 2004). Each diffusion-weighted image was
registered to the mean of the (motion-corrected) non-diffusion-
weighted (b = 0) images using a two-stage coarse-to-ﬁne approach
that maximized the normalized mutual information. The mean of the
non-diffusion-weighted images was automatically aligned to the T1
image using a rigid body mutual information algorithm. All raw images
from the diffusion sequence were resampled to 2-mm isotropic voxels
by combining the motion correction, eddy-current correction, and ana-
tomical alignment transforms into one omnibus transform and resam-
pling the data using a trilinear interpolation algorithm based on code
from SPM5 (Friston and Ashburner, 2004). An eddy-current intensity
correction was applied to the diffusion-weighted images at the resam-
pling stage (Rohde et al., 2004).
The rotation component of the omnibus coordinate transform was
applied to the diffusion-weighting gradient directions to preserve
their orientation with respect to the resampled diffusion images. The
tensors were then ﬁt using a robust least-squares algorithm designed
to remove outliers from the tensor estimation step (Chang et al.,
2005). We computed the eigenvalue decomposition of the diffusion
tensor and the resulting eigenvalues were used to compute fractional
anisotropy (FA) and mean diffusivity (MD) (Basser and Pierpaoli,
1996). All the custom image processing software are from the open-
source mrDiffusion package, available for download from http://
github.com/vistalab/vistasoft/.
Table 2
Group differences in tract diffusion properties.
Tract name Fractional
anisotropy (FA)
Mean diffusivity
(MD)
F p F p
Left ILF 4.38 .044 2.13 .153
Right ILF 6.61 .015 10.12 .003
Left SLF 3.64 .065 .49 .488
Right SLF .74 .395 .12 .731
Left IFOF .11 .738 .14 .707
Right IFOF .24 .628 .11 .744
Left cingulum hippocampus 4.24 .049 .26 .617
Right cingulum hippocampus .44 .510 .70 .410
Left thalamic radiation .01 .924 .74 .394
Right thalamic radiation .09 .767 .43 .516
Left cingulum cingulate .24 .628 .00 .981
Right cingulum cingulate .54 .469 .04 .839
Callosum forceps major .01 .916 1.87 .180
Callosum forceps minor 1.64 .208 1.22 .277
Left uncinate 1.08 .305 .59 .449
Right uncinate 10.09 .003 .05 .818
Left arcuate .09 .765 .18 .671
Right arcuate .05 .833 .20 .655
Bold indicates p b .05.
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We used the AFQ software package for the automatic identiﬁcation
and quantiﬁcation of cerebral WM pathways (Yeatman et al., 2012a).
AFQ uses a three-step procedure to identify 18 major ﬁber tracts in an
individual's brain: (1) ﬁber tractography, (2) waypoint region-of-
interest (ROI)-based ﬁber tract segmentation and (3) ﬁber tract reﬁne-
ment based on a probabilistic ﬁber tract atlas. Each ﬁber group was
summarizedwith a vector of 100 nodes representing the diffusion prop-
erties sampled at equidistant locations along the tract — i.e., a “Tract
Proﬁle”. Only the portion of the tract between the two deﬁning ROIsFig. 1. Group differences in fractional anisotropy (FA) in the Left ILF, right ILF, uncinate fascicul
corrected analyses of covariance conducted at each location along the tract length. Each Tract Pr
for individuals with FXS (represented in red), and matched controls (represented in black). Eawas analyzed. This was done in order to achieve better alignment of
the Tract Proﬁles across subjects.
2.4. Individual and group level inference
We conducted separate three-way mixed-design analyses of co-
variance (ANCOVA) for the continuous dependent variables (FA and
MD) with node as a repeated measures factor and group and sex as
between-group factors. Participant agewas included as a continuous co-
variate. Follow-up Bonferroni-corrected comparisons were used to fur-
ther investigate signiﬁcant main-effects and interactions identiﬁed in
the omnibus tests. For all Tract Proﬁle analyses, results are expressed
as mean ± SEM (standard error of the mean), and a p-value less than
0.05 (Bonferroni-corrected), was considered statistically signiﬁcant. To
examine potential head motion artifacts, we calculated the average
volume-by-volume translation (in mm) and the average volume-by-
volume rotation (in degrees) across each scan for each participant
(Yendiki et al., 2013) and computed correlations with the diffusion pa-
rameters for each tract where we had obtained signiﬁcant differences
between the groups.
3. Results
3.1. Effects of group
F statistics evaluating mean differences between the groups in FA
and MD for each of the 18 major WM tracts identiﬁed by AFQ are
shown in Table 2. The table shows that, compared to controls, patients
with FXS obtained signiﬁcantly higher mean FA values in the left ILF
(F=4.38, p= .044), right ILF (F=6.61, p= .015), left cingulum hippo-
campus (F= 4.24, p= .049) and right uncinate fasciculus (F= 10.09,
p = .003). Patients with FXS also obtained signiﬁcantly lower mean
MD values in the right ILF (F= 10.12, p= .003) compared to controls.
Figs. 1 and 2 show Tract Proﬁles generated for the tracts where sig-
niﬁcant differences in means were obtained between the groups in FA
(Fig. 1) andMD (Fig. 2). As can be seen from the plots, FA andMDvaluesus and cingulate hippocampus. The color bar indicates T-statistic values from Bonferroni-
oﬁle shows FA values calculated at each of 100 equidistant points (x-axis) along the fascicle
ch plot shows the mean Tract Proﬁle +/−1 standard error of the mean for each group.
Fig. 2. Group differences in mean diffusivity (MD) in the right ILF. The color bar indicates
T-statistic values from Bonferroni-corrected analyses of covariance conducted at each
location along the tract length. The Tract Proﬁle shows MD values calculated at each of
100 equidistant points (x-axis) along the fascicle for individuals with FXS (represented
in red), and matched controls (represented in black). Each plot shows the mean Tract
Proﬁle +/−1 standard error of the mean for each group.
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FA and MD could have obscured localized effects. ANCOVA analyses in-
dicated that higher FA values in patients with FXS were obtained pri-
marily in the middle section of the ILF, the anterior and posterior
sections of the right uncinate, and the middle section of the left cingu-
lum hippocampus (Fig. 1). Lower MD values were obtained primarily
in the middle section of the right ILF in patients with FXS (Fig. 2).
3.2. Effects of sex
There were no differences between male and female participants in
terms of FA values obtained on each tract. However, female participants
were found to exhibit signiﬁcantly elevatedMDvalues in the right unci-
nate compared to male participants (F = 4.796, p = .035). There was
also a signiﬁcant interaction between sex and group in the right unci-
nate for the FA values (F= 4.18, p= .049). Corrected comparisons re-
vealed that control group females had signiﬁcantly lowered FA values
compared to males in either group (p b .05).
3.3. Effect of age
There was a signiﬁcant main effect of age on FA values in the cingu-
lum cingulate (F= 5.70, p= .023). Further examination of the data re-
vealed that FA values in the cingulum were signiﬁcantly positively
correlated with age, indicating that FA values increased with age in
this speciﬁc tract only. Conversely, there were signiﬁcant main effects
of age on MD values in 11 tracts: the left and right uncinate, left ILF,
left and right SLF, left and right IFOF, right cingulum hippocampus,
right thalamic radiation and left and right arcuate fasciculus. Further ex-
amination revealed that all MDvalueswere signiﬁcantly negatively cor-
related with age, indicating that MD values decreased signiﬁcantly with
age in these tracts.
3.4. Effects of subject motion
There were no differences between the groups in terms of the aver-
age volume-by-volume translation [FXS group: 2.66 mm (SD =
.90 mm); control group: 2.50 mm (SD = 1.13 mm), t(38) = .49, p =
.63] or average volume-by-volume rotation [FXS group: 1.07 degrees
(SD= .39 degrees); control group: 1.15 degrees (SD= .66 degrees), t
(38) = .48, p= .63]. In participants with FXS only, age was negatively
correlated with average volume-by-volume translation (r(20) = −
.553, p = .011) and average volume-by-volume rotation (r(20) = −
.47, p= .037). Similarly, in participants with FXS only, total SCQ score
was positively correlated with average volume-by-volume translation
(r(20) = .466, p = .038) and average volume-by-volume rotation (r
(20) = .512, p= .021). These data indicated that younger participants
with FXS and those who had higher levels of autistic symptoms were
more likely to exhibit head movements. There were no differences be-
tween males and females with FXS in subject motion. Fig. 3 shows the
correlations obtained between themotion parameters and the diffusion
parameters for each tract wherewe had obtained signiﬁcant differences
between the groups. The correlations between translational motion and
FA values in the left cingulumhippocampuswere themost positive (ap-
proaching 0.6) toward the middle of the tract. It is therefore possible
that group differences obtained along this tract were inﬂuenced by sub-
ject motion.
4. Discussion
We identiﬁed regions of aberrant WM microstructure in patients
with FXS that differed from individuals who did not have FXS but who
were similar in age, IQ, and autistic symptomatology using a sophisti-
catedmethod of ﬁber-tract identiﬁcation (Automated Fiber-tract Quan-
tiﬁcation). To our knowledge, this is the ﬁrst time that AFQ has been
employed to identify aberrant WM microstructure in a neurogeneticdisorder associated with autism. AFQ has a number of advantages over
other methods including a complete and automated data processing
pipeline that runs from raw DTI data to ﬁber tract identiﬁcation, as
well as the generation of “Tract Proﬁles” for 18 major ﬁber tracts,
allowing us to identify speciﬁc locations along a tract that may be
Fig. 3. Correlations obtained between diffusion parameters and subject motion (translation and rotation) along the length of the tracts where group differences were found.
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microstructure in neurotypical individuals (Feldman et al., 2012), indi-
viduals with reading impairments (Yeatman et al., 2012b) and those
born prematurely (Johnson et al., 2013), and these studies have
shown that AFQ is an extremely robust and valid analysis technique.
Overall, the results showed that FAwas signiﬁcantly increased in pa-
tients with FXS in the left and right ILF, right uncinate fasciculus and left
cingulum hippocampus compared to controls. Furthermore, MD was
signiﬁcantly decreased in the right ILF in patients with FXS compared
to controls. Examination of the Tract Proﬁles revealed that FA and MD
values varied quite substantially along each tract. Thus, in previous
studies employing other DTI analysis methods, it is possible that statis-
tical averaging of the FA and MD values across the length of each tract
may have obscured potential region-speciﬁc differences along a tract.
When the groups were compared at speciﬁc locations along each tract,
we found that group differences (increased FA and decreased MD
values) occurred primarily at the middle section of the left ILF and to-
ward the frontal and posterior sections of the right uncinate, as well as
toward the middle section of the left cingulum hippocampus. These
data indicated that the Tract Proﬁle analyses revealed important
region-speciﬁc differences along speciﬁc sections of these tracts.
It is interesting to speculate upon why patients with FXS evidenced
signiﬁcantly increased FA (and decreased MD) in these speciﬁc tracts
as opposed to decreased FA (and increasedMD) values. In two previous
studies, FA values were found to be decreased (Barnea-Goraly et al.,
2003) and MD values were increased (Villalon-Reina et al., 2013)
when girls with FXS were compared to neurotypical individuals. Given
that WM maturation may depend on at least two opposing processes
—myelination and pruning (Yeatman et al., 2012b) and that FMRP is
thought to regulate synaptogenesis (Berry-Kravis et al., 2011), our ﬁnd-
ings suggest that aberrant synaptogenesis could result in reduced
branching in these speciﬁc WM tracts in FXS leading to the increased
FA values and decreased MD values.
Interestingly, our ﬁndings support a recent study from our group in
which DTI was conducted on a non-overlapping cohort of patients with
FXS of similar age (Green et al., 2015). In that study, a conﬁrmatory
analysis of speciﬁc WM tracts using TRACULA (Yendiki et al., 2011) in-
dicated that mean FA values were signiﬁcantly increased in the left ILF
in patients with FXS compared to IQ-matched controls. Given that
male toddlers with FXS have also been shown to have increased white
matter ﬁber density compared to IQ-matched controls (Haas et al.,
2009), it seems likely that aberrant pruning due to lack of FMRP in
FXS may lead to axon growth dysregulation, thus producing the in-
creased FA values. It is also possible that subject motion effects could
have inﬂuenced the results. For example, we found that younger pa-
tients were FXS were more likely to exhibit increased head motion, as
were patients with FXS who had higher levels of autistic symptoms. Al-
though both groups were comparable in terms of the average volume-
by-volume rotation and average volume-by-volume translation mea-
sured across scans, examination of the extent to which subject motion
was correlated with diffusion parameters along the nodes of each tract
revealed that translational motion was signiﬁcantly correlated with FA
values along the cingulum hippocampus. It is possible therefore thatsubject motion could have accounted for the differences observed be-
tween the groups in this tract. Interestingly, across both groups, we
found that MD values decreased with increasing age in the majority of
WM tracts. To determinewhether the decrease inMD valuesmay be re-
lated to intellectual disability in general, we would need to have in-
cluded a group of typically developing children.
5. Conclusions
We have shown that FXS results in aberrant WM microstructure at
speciﬁc locations along the ILF, uncinate fasciculus and cingulate hippo-
campus. The speciﬁcity of the present ﬁndings, combined with conﬁr-
matory ﬁndings by Green and colleagues, suggests that FXS is
characterized by deﬁcits in speciﬁc sections of WM tracts as a result of
reduced FMRP. Although a number of Phase II clinical trials are now un-
derway to evaluate pharmacological agents targeted to the downstream
effects of reduced FMRP in FXS (Berry-Kravis et al., 2011), investigators
have struggled to identify appropriate, reliable and sensitive outcome
measures to track treatment efﬁcacy. Given the speciﬁcity of the current
ﬁndings, it may be possible to employ DTI as an imaging outcomemea-
sure in future clinical trials.
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